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We describe a class of supersymmetric models in which neutrinos are kept light by an i?-symmetry. 
In supergravity, 7?-symmetry must be broken to allow for a small cosmological constant after su- 
persymmetry breaking. In the class of models described here, this i?-symmetry breaking results 
in the generation of Dirac neutrino masses, connecting the tuning of the cosmological constant 
to the puzzle of neutrino masses. Surprisingly, under the assumption of low-scale supcrsymmetry 
breaking and superpartiier masses close to a TeV, these masses are independent of the fundamental 
supersymmetry-breaking scale, and accommodate the correct magnitude. This offers a novel expla- 
nation for the vastly different scales of neutrino and charged fermion masses. These models require 
that _R-symmctric supersAanmctry exists at the TcV scale, and predict that neutrino masses are 
purely Dirac, implying the absence of neutrino-less double beta-decay. Interesting collider signals 
can arise due to charged scalars which decay leptonically, with branching ratios determined by the 
neutrino mixing matrix. 



I. INTRODUCTION 

Although it has now been established that at least two 
generations of neutrinos have mass, the origin and nature 
of their mass is still undetermined. The magnitude of 
neutrino masses lies well below the weak scale, but it 
is compelling and economical to consider whether they 
may be related to the physics that determines, or at least 
stabilizes, the weak scale. A number of suggestions for 
new physics at the weak scale have been made, however 
wc focus here on supcrsymmetry (SUSY). 

Supcrsymmetry is being actively searched for at the 
LHC and, in some circumstances, it may even be possible 
to find evidence for supergravity at the LHC [1, 2]. Here 
we contemplate whether supergravity may be responsible 
for a phenomenon which has already been observed — the 
existence of non-zero neutrino masses, much smaller than 
the masses of the charged leptons. 

Models of neutrino masses abound, and can be broadly 
categorized by whether neutrino masses are Majorana 
or Dirac. The majority of such models assume lepton- 
numbcr violation at some scale, which usually implies 
Majorana neutrino masses. Often these models employ 
some manifestation of the 'seesaw' mechanism [3-9].^ 

Although much less prevalent, models which gener- 
ate small Dirac neutrino masses have also been pro- 
posed, and can arise in a number of contexts, includ- 
ing composite neutrino models [22-24], supersymmet- 
ric, and supersymmetry-breaking models [25-28], extra- 



dimensional scenarios [29-34] , models with extra discrete 

or continuous gauge symmetries [35 37] or unparticlc sce- 
narios [38]. Often, new mass scales or small parameters 
must be introduced in an ad hoc manner, reducing both 
the explanatory power of the model and the ability to 
make concrete predictions. An example of this arises in 
some seesaw neutrino mass models, where the need to 
introduce a large Majorana mass for right-handed neu- 
trinos simply trades the problem of explaining a low mass 
scale with that of explaining a high mass scale. Unless 
one addresses the question of why right-handed neutrino 
masses take the required values, the observed scale of 
neutrino masses remains mysterious. 

In this work we present a new class of supersymmetric 
models which, under the assumption of low-scale super- 
symmetry breaking, TeV-mass superpartners, and 0{1) 
couplings, accommodate Dirac neutrino masses of the 
correct scale, without the need for unusually small cou- 
plings, or the introduction of new mass scales beyond 
those already required for SUSY theories. The first pre- 
diction of these models is that neutrino masses are Dirac 
and thus neutrino-less double /3-decay will not be ob- 
served in future experiments. The second, much more 
model-specific, prediction is that i?-symmetric supcrsym- 
metry exists at the weak scale. ^ This i?-symmctry pro- 
tects neutrinos from obtaining weak scale masses. How- 
ever, after SUSY-breaking the i?-symmetry must be bro- 
ken in order to cancel the cosmological constant. Rather 
surprisingly, this leads to the generation of Dirac neutrino 
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^ Extending the seesaw to a SUSY framework one finds exam- 
ples where Majorana neutrino masses are purely supersymmet- 
ric, arise as a resuh of R-parity violation [10—15], or as a result 
of SUSY breaking at the TeV scale [16-21]. 



^ Examples of R-symmetric models include [39-47] . Scenarios with 
weak scale R-symmetry are also attractive from a naturalness 
perspective as Dirac gauginos can be heavier than in the Ma- 
jorana case wliile preserving naturalness, and collider bounds 
are also weaker than in the Majorana case, allowing for lighter 
squarks and improving naturalness [48, 49]. 
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masses at the desired scale, independent of the SUSY- 
breaking scale, leading to a novel connection between the 
smallness of the cosmological constant and small neutrino 
masses. 

We find those models compelling for two reasons: First, 
they make concrete predictions for physics at the TeV 
scale and also at /3-decay experiments. Second, the scale 
of neutrino masses emerges naturally, independent of the 
scale of SUSY breaking, and without the introduction of 
any new dimensionful parameters beyond those required 
in low-scale SUSY breaking scenarios. This last observa- 
tion is actually quite general in low-scale scenarios. If 
we define the scale at which SUSY breaking is medi- 
ated to the Supersymmetric Standard Model (SSM) as 
M, then in any model with low-scale SUSY breaking 
the product of the gravitino mass with a hard SUSY- 
breaking coefficient, i.e. m3/2-Fx/M^, does not depend 
on the SUSY breaking scale, as we can always borrow 
a factor of Fx from the gravitino mass and rewrite this 
formula as {Fx/Mf/Mp oc (TcV)VMp. When the ad- 
ditional loop factors required to relate Fx/M to the TeV 
scale are included, this comes out close to the scale of neu- 
trino masses, independent of the scale of SUSY breaking. 
The scenario we present in this paper can be thought of 
as a specific way of exploiting this coincidence to obtain 
realistic neutrino masses. 

In Sec. II we describe the general structure of these 
models, and then in Sec. Ill go on to present an explicit 
model which realizes the desired features. Sec. IV dis- 
cusses novel collider signatures, and Sec. V contains brief 
conclusions. Throughout, we will denote supcrfields in 
bold, component fields by the same symbol in plain font, 
and scalars with i?-charge carry a tilde. 



II. GENERAL STRUCTURE 

First, let us establish our assumptions. We consider 
supersymmetric models with an unbroken anomaly-free 
i?-symmetry'' at the TeV scale, which is then broken 
at some much lower scale (< 10 GeV) by SUGRA ef- 
fects. We assume that supersymmetry breaking is com- 
municated to the visible sector by some non-gravitational 
mechanism, such as gauge mediation, in order to gener- 
ate sufficiently large soft masses for the standard model 
superpartners. We also assume^ that the left-handed neu- 
trinos are forbidden from obtaining Majorana masses af- 
ter electroweak symmetry breaking i.e. that the Wein- 
berg operator, J (P9 H^H^LL , is absent from the 
Lagrangian.* Finally, we restrict the standard model 



^ It is not necessary to consider a continuous U{l)ji symmetry; 
the discrete subgroup Zp, for large enough p, has the same im- 
phcations. 

* If tliis operator arises due to Planclc scale physics it leads to 
subdominant contributions to neutrino masses. Wc assume that 
it does not arise due to physics at lower scales as a result of 



fermions and Higgs boson to have i?-charge (this is 
the case in most known i?-symmetric models, as will be 
discussed in Sec. Ill, but not necessarily in more exotic 
scenarios [50]). 

In order to avoid light charginos and cancel gauge 
anomalies, we include another doublet ~ (1, 2, — |) 
of i?-charge 2, which allows a weak-scale fi term, 



— j (fi9 iiHuRu 



(1) 



If we introduce right-handed neutrino superfields N, 
with ii-charge Qii{N) ^ 1 then Dirac neutrino masses 
are forbidden by the i?-symmetry, as desired. If wc con- 
sider the particular case where Qr{N) = 3, then the 
most general renormalisable coupling of the right-handed 
neutrinos is 



jC D XnRIlN + h.c. 



(2) 



This term is not holomorphic, and must arise as a result 
of SUSY-breaking in non-renormalizable Kahler poten- 
tial terms. So we see that the lowest-dimensional term 

which couples the right-handed neutrinos to the Higgs 
sector arises, after SUSY-breaking, from 



^^^^^^ 



(3) 



where X is a SUSY-breaking spurion chiral superfield 
with i?-charge 2, M is the mass of some messenger fields 
which we expect to be at the scale of the gauge-mediation 
messengers, and A is an unknown coefficient which is gen- 
erated by integrating these messengers out. We would 
expect that A is of order a loop factor. This means that 
Ajv is typically small, being given by Xm = XFx/M'^. 

Now, wc arc assuming that neutrinos cannot gain Ma- 
jorana masses, and Dirac masses are forbidden by the R- 
symmetry. However an additional factor, which provides 
the motivation for this set-up, is that we know in SUGRA 
the _R-symmetry must be broken in order to tune away 
SUSY-breaking vacuum energy and allow for a small cos- 
mological constant. Following many authors, we do not 
attempt to explain how this occurs, but simply allow for a 
constant in the superpotential of Wo = FxMp/^/3. This 
i?-symmetry breaking generically leads to soft SUSY- 
breaking contributions to the scalar potential of order 
™3/2 = Fx /VSMp. In the context of gauge- mediated 
models these extra terms are small, and therefore usually 
innocuous, but in this set-up they are the only source of 
i?-symmctry breaking. 

Once the i?-symmctry is broken in this way, supersym- 
metric terms such as (1) give rise to corresponding SUSY- 
breaking S-terms in the scalar potential, which violate 
the i?-symmetry. These can be calculated in a number 
of ways, however the conformal compensator formalism 



gauge, or global, symmetries. 
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[51-53] is most direct. Taking the superconformal com- 
pensator superfield to be 0, with (</>) = 1 + 6^1713/2, then 
the superpotential /x-term 



(4) 



in combination with the usual Kahler potential terms 
involving 0, leads to an i?-symmetry-breaking B^-term, 



£ D - nm3/2RuHu +H.C. 



(5) 



Both Hu and i?„ have gauge-mediated soft masses at the 
weak scale, so this term does not destabilize the scalar 
potential. However, once electroweak symmetry is bro- 
ken by the VEV of Hu, it gives rise to a tadpole for 
and therefore an i?-symmetry-breaking VEV. Since the 
linear term has a Planck-suppressed coefficient, we can 
disregard any terms of order and higher in the po- 

tential, and estimate this VEV to be 



{Ru) 



1 fiVu 

\/2 ' 



(6) 



where mp^ is the total mass of _R„, including supersym- 
metric and non-supersymmetric contributions. 

The up-shot is that, due to the i?-symmetry breaking 
required to cancel the cosmological constant, i?„ obtains 
a small VEV, and therefore generates non-zero neutrino 
masses through the interaction (3). If we assume that 



Vu ~ , their scale is 



nil, 



, Fx 



(7) 



Naively then, it seems that we obtain neutrino masses 
proportional to the gravitino mass. However, if we use 
™3/2 = Fx/V^Mp to replace rn3/2 in the above, we get 



(8) 



Since we are working within the framework of gauge- 
mediation, soft masses come dressed with a loop factor, 
and are given schematically by 



m ' 



a 



F- 



X 



M 



M 



where Mm is the mass of the gauge-rnediation messen- 
gers, satisfying Mm ~ M,^ and a is the relevant fine 
structure constant. For squarks, the strong interaction 
dominates, and we can take a = a,. If we demand that 



^ Wc arc allowing for Mm 7^ Af, since the gauge mediation mes- 
sengers need not have exactly the same mass as the messengers 
generating (3). 



squark masses are at 1 TeV, then Eq. (8) becomes 



A(16^^) /MmV (TeV)^ 
y/Eal \ M ) Mp 



(9) 



where we have used the value of at the Z pole, 
as « 0.11. We see here the coincidence of scales men- 
tioned in Sec. I; this expression compares favorably to 
the experimental data, which tells us that the largest 
neutrino mass satisfies [54] 

0.04 eV < < 1.7 eV . 

We emphasize again that we have not introduced any 
new mass scale in the theory beyond those relevant in 
any gauge-mediated SUSY model, namely the TeV scale 
and the Planck scale. The overall scale of SUSY-breaking 
has not been set, and remains a free parameter, the only 
assumption in this regard is that it is small enough for 
gravity-mediated effects to be sub-dominant. This is not 
a serious constraint, and in fact 1713/2 could be as large as 
10 GeV or so. We also assume that ii-symmetry breaking 
originates entirely as a result of canceling the cosmolog- 
ical constant. 

In the next section we put these considerations on a 
firmer footing by building an explicit model that gener- 
ates the interaction in Eq. (3). 



III. CONCRETE MODELS 

Our discussion so far has been framed in quite gen- 
eral terms, so we will now demonstrate how the scenario 
we have outlined can arise in a specific model. In fact, 
it can be equally well implemented in the 'Minimal R- 
Symmetric Supersymmetric Standard Model' (MRSSM) 
[45], and the 'Supersymmetric One Higgs Doublet Model' 
(SOHDM) [55]. In these models the i?-charge assign- 
ments are as detailed in Table I, and we note that 
the i?-symmetry is non-anomalous with respect to the 
standard model gauge group. To either model, we add 
an additional right-handed neutrino superfield N, with 
Qr{N) = 3. Note that the notation for the i?-charge 
2 doublet of Sec. II is borrowed from the MRSSM, while 
in the SOHDM, i?„ can be identified with the field which 
was called rj in [55]. 

In order to construct a complete model we must specify 
a messenger sector which mediates SUSY-breaking terms 
with the structure we desire. There exist a number of 
studies of /^-symmetric gauge-mediation (see e.g. [43, 56- 
63]), and we will assume the presence of, for example, 
the gauge- mediation messengers of [61], with mass Mm- 
In order to generate the term (3), we need to introduce 
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Field 


Gauge rep. 


7?-charge 


L 


(1,2,-1) 


1 


Ef 


(1,1,1) 


1 




(1,2,1) 





Hd 


(1,2,-1) 





T 


(1,3,0) 





S 


(1,1,0) 





X 


(1,1,0) 


2 




(1,1,0) 


1 




(1,2,-1) 


2 


Rd 


(1,2,1) 


2 


N 


(1,1,0) 


3 



TABLE I: The relevant chiral superfield content of the R- 
symmetric models. The content of the SOHDM is denoted in 
black (with a notational change, r) — >■ Jt„, relative to [55]), 
and additional fields and _R-charges required for the MRSSM 
are denoted in red. Gauge superfields and colored superfields 
are not shown. The fields X and are the spurion super- 
fields parametrising SUSY breaking. 



further vector-like matter, 
(l,l,0)_i 

(1,1,0)4 

1. 



Z'^(l,2, 



t 



' (1,1, 0)o 

' (l,l,0)-2 

(l,2,i)„i 



AT'^ (l,l,0)i 



where i is the generation index, and the subscripts are 
the i?-charges. Notice that the i?-symnietry remains non- 
anomalous, and the pair L' and L could also play the 
role of gauge-mediation messengers.^ The symmetries of 
this model allow the superpotential 



W 



M{aU-, + B'M + L'l' + ^N'N') 



X'ijXA[Bj 



XaL.,A',L 



(10) 



where we have assumed the same mass for all of the ex- 
tra matter fields for simplicity. We are also assuming 
a standard Z2 'messenger parity' in order that messen- 
ger sector fields do not mix with SM fields.^ This is 
an it!-symmetric analogue of a model from [64] used to 
generate non-supersymmetric down-type quark Yukawa 
couplings, and indeed, integrating out the extra matter 



® Unification is spoiled with the addition of this matter content to 
the MSSM, however, MSSM unification predictions have already 
been lost through the addition of the Dirac gaugino partners. 
If this symmetry were absent then N' could lead to Majorana 
neutrino masses. 



in this model generates the Kahler term of Eq. (3) at one 
loop.® Including the generation structure and couplings, 
to first order in X^/M^, this term becomes 



X%X\XaXb X^Rl 



K D 



487r2 



M2 



(11) 



Comparing to Eq. (3), we can read off the value of A in 
this model; substituting this into Eq. (9), we find neu- 
trino mass parameters of 



X^jXaXeXr / Mm 
3\/6a2 

0.005 Xi.XAXsXR 



M 



(TeV)2 
Mp 

M " ^ 



M 



VTeV 



eV 



(12) 



Thus for couplings A ^ C(l), and messenger masses of 
Mm ''^ 3^,^ neutrino masses come out just right for 
TeV-scale squarks. 

It should be noted that in the case of the MRSSM 
model we could have instead taken Ni to have Qu = — 1. 
In that case holomorphic superpotential terms such as 
W D RdLiNi would have been allowed. In this sce- 
nario neutrino masses would come out at ^ 
[46]. However this would require very low-scale SUSY 
breaking, and neutrino masses would not be independent 
of the SUSY-breaking scale. 



IV. COLLIDER SIGNATURES 

The models discussed possess a number of interesting 
collider signatures. For example, the connection between 
neutrino mass generation and SUSY breaking leads to 
non-degenerate slepton masses. Arguably the most in- 
teresting signatures arise due to the i?-symmetric struc- 
ture. The SUSY phenomenology of the Qji — 1 particles 
largely resembles that of the R-parity odd particles in 
a gauge-mediated version of the SSM, albeit with non- 
trivial squark and slepton flavor structure allowed. How- 
ever the Qii = 2 scalar doublet i?„ possesses novel decay 
signatures due to the i?-symmetry. The charged and neu- 
tral scalars can be produced in proton-proton collisions 



These couplings also generate TeV-scale soft masses for the right- 
handed sncutrinos. In an expansion in Fx/M this mass is 

mj^ = ' 48^2 , 3.nd the right-handed sneutrino fla- 

vor structure is aligned with that of the neutrinos. Additional 
flavor off-diagonal terms are also generated for the left-handed 

o lA I^A'a'"^ I F 1^ 
sleptons, Amj_ = ^^^2 ■ After diagonalizing lepton 

masses this introduces factors of the PMNS matrix in lepton- 
slepton-chargino vertices. This satisfies lepton MFV, and even 
without the MFV structure, large off-diagonal left-handed slep- 
ton mixings are allowed in _R-symmetric scenarios [65]. 
Or, alternatively heavier squarks or larger couplings. 
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through Drell-Yan processes, and for « 200 GeV, 

the pair production cross-section at the 7 TeV LHC is 
of order a ~ 15 fb. i?-symmetry violating decays of 
are allowed due to the SUGRA effects, however these are 
controlled by the ratio of 7713/2 to the TeV-scale and so we 
expect these decays to be subdominant to i?-syninietry 
preserving channels. Hence the decay of each i?„ must 
result in one Qr — 2 particle or two Qr = 1 particles. 
Some of the possible decay modes are depicted in Fig. 1. 



Xj-ir — V- 
x^A ^ 

XI f 



G 



FIG. 1: Possible decay chains for a single _R„. Qr = 1 SSM 
sparticles are denoted in black. SSM superpartners carry 
the label Xi. Qr = 2 particles are denoted in red. On 
the left, if kinematically allowed, each Ru decays to a pair 
of Qr = 1 sparticles, which each then decay to the LOSP, 
which finally decays to the gravitino. The rates for these pro- 
cesses depend on the particle spectrum and SUSY-breaking 
scale. This first possibility is interesting as each decay likely 
involves the emission of SM particles and hence the process 
w^Ru -> 4^0 — > 4(5 results in very high multiplicity 

final states. In the middle we depict the direct decay to grav- 
itinos, Ri_Ru — > 4(5. On the right we show the direct decay to 
leptons, RIRu — > UijUlifR^lLjVR^lLi- This process is partic- 
ularly striking as it results in the pair production of isolated 
leptons with flavor determined by the PMNS matrix, U. 



Although a full study of the collider phenomenology 
of these models is beyond the scope of this work, we 
note some interesting features here. The decays to high 
multiplicity final states are interesting in their own right, 
however the direct leptonic channel has the intriguing 
feature that leptonic branching ratios are determined by 
the PMNS matrix, U, and so we focus on this case. 

The Yukawa coupling in Eq. (2) allows for the direct 

decay i?^ — vlvr, however this decay will be invisible. 

however SUSY 
2 



The charged state can decay i?„ — ?> vrI^ 
dictates that this state has mass 77i^_ = 



and so can also decay via a virtual W emission to 
which will then decay invisibly. Both decay modes are 
depicted in Fig. 2. We find that as long as the neutrino 
Yukawa couplings aren't too small, (i.e 771^3/7)7,3/2 ^ 10""^ 
as would automatically be satisfied in the SOHDM [55] 
setup), then the direct decay dominates. This decay 
mode has the intriguing property that it is determined by 



the neutrino mass matrix, and hence R~ couples domi- 
nantly to the heaviest neutrino species. In the case of the 
normal hierarchy this picks out decays to 7^3 and hence 
the flavor of the charged lepton observed in these decays 
is determined by the third column of the PMNS matrix. 
This implies that decays will be dominantly to /i and t 
but not e in the case of the normal hierarchy. For the 
inverted hierarchy the decays will be mostly to the two 
heaviest neutrinos and one would expect an excess in e 
compared to /it or r. 

That the neutrino mixing angles could in principle be 
'measured' at the LHC through decays is exciting, 
however the full parameter space is large, and the correct 
treatment of backgrounds is complicated, so we leave a 
full collider study of the multi-lepton signatures of this 
class of models to future work. 





FIG. 2: Decay modes of the i?-charge 2 scalar which terminate 
with an ii-charge 2 neutrino. The direct decay to a neutrino 
and charged lepton dominates for 7711^3/7773/2 > 10~^ in the 
case of the normal hierarchy. In this case the pair production 
i?u would have collider signatures very similar to VF^ pair 
production, however the final state would be purely leptonic 
and would not be flavor-blind, as it is determined by the fla- 
vor composition of the heaviest neutrino. In the case of the 
normal hierarchy this gives roughly equal number of /i and r 
flnal states and negligible e for small ^13. 



V. CONCLUSIONS 

Supersymmetry is a well-motivated solution to the hi- 
erarchy problem and the LHC has begun to explore the 
scales at which we expect it to become apparent. As yet, 
no signs of SUSY have been observed. While the first 
signals of SUSY might well be observed in leptonic chan- 
nels at the LHC, it is interesting to consider whether the 
basic ingredients of SUSY theories could address a ma- 
jor puzzle in the neutrino sector, namely the existence of 
non-zero neutrino masses. In this work we have described 
a class of supersymmetric models wherein non-zero neu- 
trino masses arise at the desired scale, independent of the 
overall scale of SUSY breaking. This relies on low-scale 
mediation of SUSY breaking, such as gauge-mediation, 
and occurs as a result of the i?-symmetry breaking nec- 
essary to tune the cosmological constant to small values. 

These models make two testable predictions: neutrino- 
less double beta-decay should not occur in nature and 
_R-symmetric SUSY should exist at the TeV scale. In 



6 



addition, non-dcgcnerate left-handed sleptons arise as a 
general feature of these models and charged scalar de- 
cays at colliders can lead to isolated leptons, with flavor 
structure determined by the PMNS matrix. 
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